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ABSTRACT
The role of type II spicules in the corona has been a much debated topic in recent years. This
paper aims to shed light on the impact of type II spicules in the corona using novel 2.5D radiative
MHD simulations including ion-neutral interaction effects with the Bifrost code. We find that the
formation of simulated type II spicules, driven by the release of magnetic tension, impacts the corona
in various manners. Associated with the formation of spicules, the corona exhibits 1) magneto-acoustic
shocks and flows which supply mass to coronal loops, and 2) transversal magnetic waves and electric
currents that propagate at Alfve´n speeds. The transversal waves and electric currents, generated
by the spicule’s driver and lasting for many minutes, are dissipated and heat the associated loop.
These complex interactions in the corona can be connected with blue shifted secondary components
in coronal spectral lines (Red-Blue asymmetries) observed with Hinode/EIS and SOHO/SUMER, as
well as the EUV counterpart of type II spicules and propagating coronal disturbances (PCDs) observed
with the 171 A˚ and 193 A˚ SDO/AIA channels.
Subject headings: Magnetohydrodynamics (MHD) —Methods: numerical — Radiative transfer —
Sun: atmosphere — Sun: corona
1. INTRODUCTION
Highly dynamic chromospheric jets that permeate the
corona are one of the most common features observed
at the solar limb. Consequently, given their occurrence
rate, they have been suggested as contributors to coro-
nal heating and/or as possible drivers of the solar wind
(e.g., Beckers 1968; Athay & Holzer 1982; McIntosh et
al. 2011; De Pontieu et al. 2011, 2017). When seen
at the limb such jets are named spicules. Two types
have been observationally identified (De Pontieu et al.
2007a; Tsiropoula et al. 2012; Pereira et al. 2014): type
I spicules are observed to have relatively slow rise ve-
locities and small heights, type II spicules appear to rise
much more rapidly and often extend to heights of at least
> 10 Mm. However, since the exact nature of type II
spicules has been unknown, their mass and energy con-
tribution to the corona has so far not been properly ad-
dressed. Hence, whether (and how much) type II spicules
contribute or impact the corona and/or solar wind is un-
der ongoing, vigorous debate (e.g. compare with Mad-
jarska et al. 2011; Klimchuk 2012).
Spicules are an observational phenomenon in which
many different complex physical processes appear to be
at work. In the current paper, we take a broad approach
to the problem of understanding coronal heating associ-
ated with spicules. We do not limit ourselves to a sim-
plifying scenario in which ad-hoc advection of expanding
gas along a single field line dominates the energetics of
spicules (Klimchuk 2012; Klimchuk & Bradshaw 2014).
Instead, our research takes a broader approach by study-
ing the coronal heating associated with self-consistently
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generated features that show many similarities with ob-
served properties of spicules by using a 2.5D radiative
MHD numerical model. This model includes ambipo-
lar diffusion which is a key process for the formation
of type II spicules (Martinez-Sykora et al. 2017). We
thus continue the solar physics communitys quest to un-
derstand how much coronal heating is associated with
spicules (see also, e.g., Tsiropoula et al. 2012; Pereira
et al. 2014, and references therein). Some known ob-
servational constraints and properties of type II spicules
are listed as follows. These jets reach velocities of [40-
150] km s−1 and heights of ∼ 10 Mm prior to falling back
some 3 to 10 minutes after their first appearance (Pereira
et al. 2014; Skogsrud et al. 2015). In contrast to type I
spicules, some of the ejected chromospheric plasma of
type II spicules is often heated to transition region (TR)
temperatures. Therefore, these spicules observed in the
chromospheric Ca II H line, e.g. with the Solar Opti-
cal Telescope on board of Hinode (SOT, Tsuneta et al.
2008), are typically short lived (1-2 minutes), whereas
type II spicules observed in hotter or more opaque chro-
mospheric lines such as Mg II or TR lines such as Si IV
observed with IRIS (De Pontieu et al. 2014b), are longer
lived (3-10 minutes).
Type II spicules have been associated with various TR
and coronal observables. Their on-disk counterparts, so
called Rapid Blue-shifted Events (RBEs), are associated
with brightenings in EUV spectral lines that are sensi-
tive to plasma at transition region and coronal temper-
atures (De Pontieu et al. 2011) as observed with the At-
mospheric Imaging Assembly (AIA, Lemen et al. 2012)
on board of the Solar Dynamic Observatory (SDO) (but
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gion and coronal spectral lines observed by the Extreme-
ultraviolet Imaging Spectrometer (EIS, Culhane et al.
2007) onboard Hinode show blue shifted secondary com-
ponents that could be associated with type II spicule dy-
namics (e.g. De Pontieu et al. 2009; McIntosh & De Pon-
tieu 2009a; Peter 2010; Bryans et al. 2010). These fea-
tures have nevertheless not been conclusively connected
to type II spicules. More recently, Propagating Coro-
nal Disturbances (PCDs) have been linked to type II
spicules (De Pontieu et al. 2017). Their observations
show that coronal loops are formed and exist for many
tens of minutes in association with spicules. To inter-
pret these observations, recent models of type II spicules
(Martinez-Sykora et al. 2017) were used. This radiative
MHD model, based on the Bifrost code (Gudiksen et al.
2011), self-consistently generates jets that resemble type
II spicules. In the current paper, we study in greater de-
tail the impact of these simulated type II spicules on the
corona. Our results show that the complexity of our 2.5D
MHD model invalidates many of the simplifying assump-
tions made in previous modeling attempts to address the
coronal impact of type II spicules (e.g. compare the re-
sults of this paper with Klimchuk & Bradshaw 2014).
Type II spicules are also associated with various types
of waves which could, in principle, also contribute to
the driving of the solar wind and heating of the corona.
Spicules show torsional (e.g. De Pontieu et al. 2012,
2014a) and both low and high frequency transversal mo-
tions (De Pontieu et al. 2007b; Okamoto & De Pontieu
2011; Srivastava et al. 2017). These studies provide es-
timates of the wave energy associated with spicules and
it is claimed that waves carry enough energy flux into
the corona to power the solar wind (De Pontieu et al.
2007b; McIntosh et al. 2011). However, it is unclear how
this wave energy is generated and/or dissipated. Until
now, we have not had access to realistic models for the
generation of magnetic waves in spicules. In this paper
we use the Martinez-Sykora et al. (2017) model to shed
some light on these issues.
Our paper starts with a description of the numerical
models (Section 2). Section 3 details our results where
we first describe transition region and coronal synthetic
observables associated with the type II spicules (Sec-
tion 3.1), and determine the width of the coronal loops
formed in association with the spicules (Section 3.1.1).
We also analyze the flows and shocks that penetrate into
the corona (Section 3.2) as well as the mass and energy
deposited into the corona (Section 3.3). We investigate
the causes for the widths of the spicule-associated coronal
loops and also the heating distribution along the loops
(Section 3.3.1 and Section 3.4). We finish with the dis-
cussion and conclusions (Section 4).
2. SIMULATION
We use two types of 2.5D radiative MHD numerical
simulations, both based on the Bifrost code (see Gudik-
sen et al. 2011, for details on the numerical implemen-
tation and validation). The numerical methods imple-
mented in our simulations include radiative transfer with
scattering (Skartlien 2000; Hayek et al. 2010; Carlsson &
Leenaarts 2012), and thermal conduction along the mag-
netic field. The numerical domain in both simulations is
identical and covers a region from the upper layers of
the convection zone (down to 3 Mm below the photo-
sphere) into the corona (up to 40 Mm above the photo-
sphere). The spatial resolution along the vertical axis is
non-uniform and ranges from 12 km (from the convec-
tion zone to the transition region) slowly increasing with
height to 69 km (in the corona). The domain extends
96 Mm in the horizontal direction with a spatial resolu-
tion of 14 km. The energy flux entering the bottom of the
computational domain and the chemical composition of
the model is set to solar values. The only free parameter
in these simulations is the initial distribution of mag-
netic field. In both cases, there is no new magnetic flux
injected at the lower boundary and we have seeded two
main opposite polarities of plage or enhanced network
with unsigned magnetic field of 190 G. These regions are
connected by ∼ 50 Mm long loops. In particular, in both
of these models, the hot corona is self-consistently main-
tained, despite the constraints inherent in 2.5D dynam-
ics. Previous 2D simulations with a smaller numerical
domain required the addition of a ‘hot plate’ at the top
boundary to maintain coronal temperatures due to their
smaller numerical domain and/or lack of ability to re-
solve various small scale processes (Mart´ınez-Sykora et
al. 2017).
In the “GOL” (Generalized Ohm’s Law) simulation,
we have included the effects of interactions between ions
and neutrals in the partially ionized chromosphere by in-
cluding ambipolar diffusion through using a generalized
Ohm’s law in the induction equation (Cowling 1957; Bra-
ginskii 1965). In this simulation, jets that resemble type
II spicules are formed ubiquitously, as a result of ambipo-
lar diffusion (e.g., see the example shown with the arrow
in the left panel in Figure 1). In contrast, simulations
without ambipolar diffusion, i.e., called the “non-GOL”
simulation in Mart´ınez-Sykora et al. (2017), as well as
previous models (Mart´ınez-Sykora et al. 2013; Carlsson
et al. 2016), typically do not produce type II spicules,
or if at all, only rarely. Unless otherwise noted, we will
refer to the GOL simulation when describing the impact
of type II spicules on the corona. Figure 1 shows that
the chromospheric jet and associated hot loop are not
always perfectly aligned along the same field lines. This
is because the various contributing mechanisms for the
heating and flows (i.e., currents, waves, flows, and fluxes)
do not always occur along exactly the same magnetic field
line. Instead they occur on a range of magnetic field lines
that either pass through or occur in close vicinity of the
chromospheric spicule. These fields lines are all coupled
together and connected to the driving mechanism that
generates chromospheric spicules. The varying spatial
relationship between the currents and flows is caused by
variations in which field lines release tension, and which
field lines carry currents (see also Martinez-Sykora et al
2017). The spatial offsets between the various contribut-
ing mechanisms are quite small and difficult to resolve
at the spatial resolution of current coronal instruments
(> 1 arcsec).
We briefly summarize the main relevant results on the
generation of type II spicules (see Martinez-Sykora et al.
2017, for details): Simulated type II spicules are driven
by at least, two different processes. 1) The release of
magnetic energy, which has been built up by convective
motions near magnetic flux concentrations, such as in
network or plage regions. In such regions, the convective
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Fig. 1.— Density (left) and temperature (right) maps of the region of interest of the GOL simulation at t = 1270 s. The spicule is marked
with the arrow in the left panel and the loop associated with the spicule with the arrow in the right panel. Temperature at T = 105 K are
shown with white contours in the left panel. Selected field lines are shown in the right panel in white.
motions can impose substantial tension on the magnetic
field. This tension often “diffuses” away from regions
where the gas pressure dominates (i.e., where plasma
beta, β > 1), towards regions where β ≈ 1, higher
in the atmosphere. Ambipolar diffusion is the process
that helps to move this magnetic field through the pho-
tosphere and lower chromosphere. At the same time,
ambipolar diffusion helps to spatially confine the mag-
netic tension to thin layers. When this magnetic field
eventually reaches heights where β ≈ 1, the magnetic
tension is released in a similar manner as the whiplash
effect which gives rise to pressure gradients and thereby
accelerates plasma. 2) Magneto convective motions per-
turb overlying and highly bent magnetic field producing
magneto-acoustic waves traveling almost parallel to the
surface. Once the shock reaches the highly bent magnetic
field at heights where β ≈ 1, the wave mode changes, and
in combination with the release of some of the tension
from the highly bent field lines, leads to the formation of
the jet and Alfvenic waves. The example shown in this
work (Figure 1) is this second case. In both cases, the
formation mechanism causes a magneto-acoustic shock,
which in turn produces chromospheric jets, reaching ve-
locities of 50−100 km s−1. These shocks pass through the
chromosphere in only a few tens of seconds. The chromo-
spheric signature of these shocks is found as short lived
RBEs in the line wings of e.g. Hα and Ca ii (Rouppe
van der Voort et al. 2009). In addition to magnetoa-
coustic shocks, the release of magnetic tension and mode
conversion drive high-frequency transversal waves that
propagate into the corona. Within a timespan of a few
minutes, cool chromospheric ejected material is heated
by the dissipation of currents via ambipolar diffusion to
TR temperatures, in broad agreement with the observa-
tions of Pereira et al. (2014) and Skogsrud et al. (2015).
The coronal impact of the spicules is the same for both
processes that drive the spicules.
3. RESULTS
An obvious outstanding question to the study of
Martinez-Sykora et al. (2017) addressed in this paper
is: What is the impact of type II spicules on the corona?
Before describing our results, we list the TR and coronal
synthetic observables of the simulated type II spicules to
see whether they fulfill the constraints derived from ob-
servations, such as those listed in the introduction (see
also De Pontieu et al. 2017). For this, we calculate syn-
thetic TR (C IV 1548A˚) and coronal spectral profiles
(Fe X 184A˚, Fe XII 195A˚ and Fe XIV 211A˚), assuming
ionization in statistical equilibrium, the optically thin
approximation as in Hansteen et al. (2010) and coronal
abundances (Schmelz et al. 2012). These profiles have
been integrated along the vertical axis, i.e., as seen from
above. Additionally, we have degraded the synthetic pro-
files to the Hinode/EIS spatial (1” per pixel) and spectral
resolution (∼ 25 km s−1) (Figure 2).
3.1. Observables and constraints
Many observables are associated with the type II
spicules in all of the synthesized TR and coronal spectral
lines. This is illustrated with Figure 2 which shows the
total line intensity, the Doppler shift, the line width and
the RB-asymmetry in the four rows from top to bottom.
At the beginning of the chromospheric ejection, all four
synthesized spectral lines show a brightening in intensity
(top row, x = 68 Mm, t = 1210 s). In the particular
case shown here, the synthetic Fe XIV 211 A˚ intensity
is too faint to be observed with Hinode/EIS, i.e., only
∼ 5× 10−3 DN s−1 (panel D). On the other hand, C IV
has enough intensity to be observed with SOHO/SUMER
and Fe X 184 A˚ and Fe XII 195 A˚ with Hinode/EIS
as long as the observations are integrated over exposure
4 Mart´ınez-Sykora et al.
times of ∼ 1, 5, and > 30 seconds or more, respectively
(panels A-C). The various simulated spicules provide a
range of intensities at the different wavelengths, and in
some cases we find stronger Fe XII intensities (up to 300
erg cm−2 s−1 sr−1) and weaker Fe X than the example
shown here. These values are comparable to those in QS
by Brooks et al. (2009); Mariska (2013)
Looking at the intensity observables in the coronal lines
(Fe XII and Fe XIV, panels C and D in Figure 2), one can
distinguish two different brightenings, or PCDs, propa-
gating in time and associated with the spicules. One
of them is a “slow” PCD, which at t = 1210 s is at
x = 68 Mm and at t = 1300 s is at x = 60 Mm (see ar-
row in Panel C). The other one is faster, and appears as
an almost horizontal intensity brightening in Fe XII and
Fe XIV at t = 1230 s in the region x = [58, 68] Mm (arrow
in panel D). As described in detail in Sections 3.2 and 3.3,
these observables are a consequence of a combination of
a magneto-acoustic shock, (real) flows, and heating pro-
cesses. Further details of the synthetic PCD observables
are discussed and used to interpret SDO/AIA observa-
tions in De Pontieu et al. (2017).
The synthetic coronal and TR Doppler shifts show only
minimal changes (second row) in the spicule location,
with the exception of C IV and Fe XIV which show blue-
shifted profiles at the start of the chromospheric ejec-
tion. The lack of Doppler shift variation for Fe X or
very weak Doppler shift variation for Fe XII are due to
the line-of-sight integration and also partially due to the
relatively low spatial resolution of the Hinode/EIS instru-
ment. Consequently, there is more background emission
in the corona along the line-of-sight so that the Doppler
shifts are dominated by the background. In this particu-
lar simulated spicule most of the Fe XIV 211A˚ synthetic
intensity (Figure 2) comes from the spicule and very lit-
tle, if any, is from the overlying and surrounding plasma
not associated with the spicules due to the fairly low
coronal temperature in this model. Consequently, the
synthetic Doppler shift is derived for the most part from
the spicular velocities and does not have other possible
contributions. Similarly to the synthetic Si IV shown
in Martinez-Sykora et al. (2017) the spicule provides a
very large contribution to the synthetic i¸ntensity. This
despite the LOS integration and pixel resolution. There-
fore, we find a large signal in the C IV spectral lines (and
in general for all TR spectral lines), in both Doppler shift
and Red-Blue (RB) asymmetries. In the bottom row of
Figure 2 we present the RB asymmetries calculated fol-
lowing the same approach as used by De Pontieu et al.
(2009) which interpolates in the wavelength axis using
spline. We tested the Klimchuk et al. (2016) interpo-
lation method (not shown here) and the calculated RB
asymmetries do not differ from the one using spline in-
terpolation shown in Figure 2.
All the spectral profiles become up to 2 times broader
compared to their surroundings at the location of spicule
acceleration (third row). Similarly observations also
show non-thermal broadening in spicules of EUV spectral
lines (e.g., McIntosh & De Pontieu 2009a).
Despite the low resolution of Hinode/EIS, one can still
capture small scale flows by applying RB asymmetry
analysis, (e.g., McIntosh & De Pontieu 2009a; De Pon-
tieu et al. 2009) or double Gaussian fitting (Peter 2010).
As for Fe XIV, RB asymmetries in Figure 2, for this par-
ticular case, are very small since most of the emission
is very localized within the associated spicular plasma.
The synthetic Fe X and Fe XII spectral profiles reveal
a blue-shifted secondary component at the location of
the type II spicule and, for the first time, the synthetic
RB asymmetries ∼ 5% are roughly in agreement with
observations (e.g., De Pontieu et al. 2009; Peter 2010).
Indeed, previous models did not reproduce sufficient RB
asymmetries (∼ 0.1% Mart´ınez-Sykora et al. 2011) due
to the lack of type II spicules. These RB asymmetries
are a clear signal of mass and energy injected into the
corona due the combination of a magneto-acoustic shock
and real flows, as detailed in Section 3.2.
The second spectral component in the TR line (C IV,
panel M in Figure 2) is found at lower velocities [40-
60 km s−1] as compared to the coronal lines [70-
90 km s−1] (Fe X, and Fe XII, panels N and O). This
is due to the acceleration of the plasma as it expands
into the corona. This synthetic observational property
and the measured speeds are in agreement with obser-
vations (McIntosh & De Pontieu 2009b). We took into
account spatial resolution and instrumental broadening
of the spectral lines since they impact the intensity and
location of the secondary component (Mart´ınez-Sykora
et al. 2011).
Could spicules provide enough coronal emission to give
any signal in the coronal SDO/AIA channels? The syn-
thetic Fe X 184A˚, Fe XII 193A˚, and Fe XIV 211A˚ in-
tensities associated with the spicule are roughly 600, 6
and 10−1 SDO/AIA DN s−1, respectively. Consequently,
the simulated spicule provides enough synthetic inten-
sity contribution from Fe X 184A˚ to be easily observed
in the 171 channel. For the 193 SDO/AIA channel, the
Fe XII 193A˚ intensity coming from the spicule is much
smaller than from Fe X. According to these results, it is
very unlikely to see any Fe XII contribution coming from
the spicule in the 193 SDO/AIA channel where a typi-
cal coronal hole and quiet Sun produce something like 9
and 100 DN s−1, respectively. Despite this, running dif-
ferences should be able to reveal the intensity variations
coming from Fe XII 193A˚. This is in accordance with
De Pontieu et al. (2011) conclusions. Finally, synthetic
Fe XIV 211A˚ intensity coming from the spicule (and any
in this simulation) is too small to provide an appreciable
signal in SDO/AIA channel 211 A˚. However, this model
has a cool corona for an active region and is limited to
a very specific field configuration, note that other more
active regions reveal RB-asymmetries in hot lines such
as Fe XIV (De Pontieu et al. 2009).
3.1.1. Loop width
Recent observations with Hi-C (Kobayashi et al. 2014)
suggest that we may resolve the width of the many the
coronal loops (∼ 500 − 1500 km Peter et al. 2013; As-
chwanden & Peter 2017)), which are comparable to pho-
tospheric granulation scales (∼ 500 km) (Abramenko
et al. 2012). This, according to Aschwanden & Pe-
ter (2017), suggests that the heating mechanism in the
corona is driven by macro-scales instead of unresolved
micro-physics. In addition, observed spicules also seem
to have this typical width.
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Fig. 2.— Maps of the synthetic intensity (top row), Doppler shift (second row), line width (third row) and RB asymmetry (bottom row)
for C IV (first column), Fe X (second column), Fe XII (third column), and Fe XIV (last column), as a function of space and time reveal
coronal signatures associated with a simulated type II spicule (starting at t = 1210 s and located at x = 68 Mm, arrow in Panel A). The
numbers in the titles on the top row are normalizing factors. The spectral profiles have been degraded to SOHO/SUMER (for C IV) and
to Hinode/EIS (for the iron lines) spectral and spatial resolution. Temperature contours at 105 K at z = 5 Mm shows the location of
chromospheric spicules penetrating into the corona. The spicule that we focus in this paper corresponds to the contour that goes from
t = 1260 s to t = 1550 s (Figure 1).
Figure 3 shows a map of the Fe XII emissivity (left)
and a vertical cut through a loop (right). The right panel
shows that the width of the loops1 associated with the
spicules is well resolved, with more than 20 grid points
across the loop2. The typical width of loops associ-
ated with the simulated spicules ranges between 300 and
900 km. The formation of type II spicules is associated
with a PCD and the formation of coronal loops (De Pon-
tieu et al. 2017). The loops associated with the simulated
spicules of this paper have similar widths to the observa-
tions reported above (of the order of a few hundreds of
kilometers). As described in the following sections, the
width of the loops associated with the simulated spicules
1 In the following, we use the term loop to refer to a region of
magnetic field lines that have a common energy and flow source.
2 Note that the horizontal axis has a smaller spatial resolution
(14 km) than the vertical axis in the corona (20− 50 km).
is determined primarily by the driving mechanism that
generates flows in deeper layers, the magnetic connectiv-
ity, and heating within the magnetic field linked with the
spicule (detailed in the following sections). The artificial
magnetic diffusion or viscosity plays a minor role in the
loop width: in our model the typical dissipation and vis-
cous lengths are 5 grid points, whereas the loop contains
between 20 to 100 grid points along the vertical axis (as
seen in Figure 3), and even more in the horizontal axis.
3.2. Flows and shocks
The dynamics occurring in the corona are a conse-
quence of both magneto-acoustic shocks and flows: the
simulated type II spicules drive magneto-acoustic shocks
and flows, propagating along the magnetic field at speeds
of order 100-200 km s−1, due to the release of magnetic
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Fig. 3.— Loops are formed and their width is linked to the driving mechanism of the type II spicules. Left panel shows the Fe XII
emissivity map at t = 1260 s. A vertical cut of Fe XII emissivity at the apex of the loops (white vertical line in the left panel) is shown in
the right panel. Asterisks indicate grid cell positions.
tension, in a manner similar to the whiplash effect, or due
to a wave mode conversion driven by photospheric mo-
tions. In principle, if spicules are driven only by acoustic
shocks, they must satisfy the Rankine-Hugoniot (RH)
conditions which, in a frame of reference moving with
















2γM2pre − (γ − 1)
(γ + 1)
(3)
where ρ, u, e and γ have their usual meaning. The
subscripts pre and post refer to pre- and post-shock
plasma, respectively (Priest 1982). M is the Mach num-
ber (M = u/cs) and the sound speed is c
2
s = γP/ρ. Note
that these equations assume no entropy sources outside
the shock discontinuity as well as including only the pres-
sure gradient force, i.e., a hydrodynamic fluid without
external forces, or the Lorentz force.
The example shown in Figures 1 and 2 is examined
in detail in Figure 4, where panel A shows the den-
sity stratification and with a density jump located at
[x,z]=[65,11] Mm (see arrows). The jump is easier to
discern in the parallel velocity map (along the magnetic
field) shown in panel B. Taking into account the coro-
nal sound speed (∼ 150 km s−1, panel C) and the fact
that the shock travels through the corona at 150 km s−1,
the RH relations (right hand side of Equations 1-2) can
be calculated from the velocity along the magnetic field
(panel B) subtracting the front shock speed (150 km s−1),
sound speed (panel C) and the adiabatic parameter γ
(1.66) shown in panels D and E. From there, one would
predict a density jump of 1.4 and velocity ratio of 0.6
(panels D and E). However, the jumps in the corona are
of the order of 1.8 and 0.75 for the density and veloc-
ity, respectively (panels A and B). This disagreement is
due to the fact that these jumps depend not only on
the gradient of pressure but also on the Lorentz force,
which is absent in 1D hydro-models, and other entropy
sources working on the bulk flow, in particular some of
the plasma moving with the shock wave is heated via
Joule heating and/or thermal conduction and thus be-
comes part of the corona. Note that this perturbation
(or jump) will travel 1 Mm in 10 seconds, this explains:
1) the short-lived brightening in the AIA channels due
the increase in density; 2) the non-thermal line broaden-
ing and RB asymmetries in the TR and coronal spectral
lines at the beginning of the spicule formation are due to
the velocity jump and the difference in velocity between
the loop associated with the spicule and its surroundings;
3) finally, this perturbation, which travels along the loop,
leads to the synthetic “slow” PCD.
3.3. Mass and energy deposition in association to
spicules
The mass and energy deposition in the corona from a
spicule results from a combination of shocks, flows, Joule
heating, and thermal conduction. The plasma is heated
along the loop through Joule heating (see below) result-
ing from numerical diffusivity. The artificial diffusion
will not impact the amount of the Joule heating dissi-
pation (Galsgaard & Nordlund 1996; Gudiksen & Nord-
lund 2005b,a; Hansteen et al. 2007; Peter et al. 2004;
Abbett et al. 2000; Rempel 2017). In addition, the dif-
fusion length scales are smaller than the loop width so
will not change the latter. Density and energy jumps
become less sharp in the corona due to thermal conduc-
tion (panel A, Figure 4), in contrast to the velocity jump
(panel B). Therefore, the synthetic “slow” PCD inten-
sity becomes less sharp and weaker as the perturbation
propagates through the corona. In addition, flows pro-
vide mass and energy flux into the corona which remain
hot and do not return to chromospheric conditions due
to strong Joule heating and thermal conduction. Hence,
loops associated with spicules (Panel A of Figure 5) are
filled with mass and energy by the flows, as shown in
panels B and C of Figure 5 and Movie 1 and currents
shown in panel D. Both the figure and movie are made
by integrating in time, the former over the lifetime of the
spicule and the latter integrating forward in time from
the initial formation of the spicule to the current frame,
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Fig. 4.— Type II spicules are associated with magneto-acoustic
shocks passing through the corona (see arrows). From top to bot-
tom: density, parallel velocity (along the magnetic field lines),
sound speed, and maps of the estimated RH density and veloc-
ity jumps at t = 1250s (right hand side of Eqs. 1-2, respectively).
The solid contour in all panels represents a temperature of 105 K.
The lowest part of the spicule is situated at x ∼ 68 Mm.
i.e., the time range shown in the top panel. This figure
and movie reveals that flows and currents are not al-
ways located exactly along the same magnetic field lines.
Instead, currents and flows occur within the bulk of mag-
netic field that drives the formation of the spicule. Prior
to the formation of the spicule (A) we can see the rem-
nants of a decaying hot loop. This hot loop was formed
in association with a different spicule (B) that occurred
earlier and at the conjugate footpoints of the field lines
of spicule A. By the time of the formation of spicule A,
the previous spicule had already vanished. The impact
of spicule B and its associated heating is negligible in our
calculations.
Let us quantify the mass and energy deposition into
the corona. For this, first, we focus on the various
fluxes due to advection. Averaged over the lifetime of
the spicule (10 minutes), we find a net positive mass
flux (∼ 10−9 g cm−2 s−1) and energy flux due to advec-
tion, (∼ 105 erg cm−2 s−1) for this loop associated with
the spicule (red loop located at (x, z) ≈ (57, 15) Mm
in panels B and C of Figure 5 and Movie 1). These
fluxes are measured as they cross the transition region
(T = 105 K). At first glance, these numbers seem lower
than the observational estimates of energy flux by an
order of magnitude (∼ 2 × 106 erg cm−2 s−1, De Pon-
tieu et al. 2011). Note that these numbers have been
used by, e.g., Klimchuk (2012); Klimchuk & Bradshaw
(2014). In other words, assuming a spicule diameter
of 300 km, the energy deposition due to advection in
this simulation is ∼ 9 × 1019 erg s−1. The discrep-
ancy with estimates from observations is due to the fol-
lowing: 1) those calculations are based on assumptions
driven by estimates from the observations such as con-
stant velocity in time (100 km s−1, over 2-4 minutes), in
contrast to the simulated spicule’s velocity which varies
within ∼ ±150 km s−1 over the spicule lifetime. 2) We
integrated over 10 minutes, i.e., the spicule’s lifetime,
whereas De Pontieu et al. (2011) integrate between 2-4
minutes, using the lifetime of the brightening3 or even a
shorter period of time by Klimchuk (2012); Klimchuk &
Bradshaw (2014), which gives even less total heating. 3)
Last and crucially, our calculations above, including only
advective terms ignore a critical contribution to spicule
energetics: the Joule heating including the dissipation of
transversal wave energy.
The simulated spicules reveal the importance of the
contribution coming from Joule heating (3 × 10−5 −
10−2 erg cm−3 s−1) shown in the bottom panel of Fig-
ure 5 and Figure 6. Assuming that the spicule is within
z = [3, 8] Mm and a radius of 300 km, the energy de-
position due to Joule heating is ∼ 2.4 × 1022 erg s−1.
However, the Joule heating associated with the spicule is
not confined to the cold plasma of the spicule. Currents
extend and propagate along the magnetic field associated
with the spicule and surroundings (compare with Klim-
chuk 2012, who assumed that all the energy is located
inside the spicule and ignored any current propagating
into the corona). Taking all of this into account: the re-
gion associated with the spicule where the current plays
a role (see dashed lines in Figure 6 ∼ 1.5 Mm wide and
z ≥ 3 Mm along the associated loop), the total deposited
energy due to Joule heating is ∼ 1.2 × 1024 erg s−1, i.e.
3 Note that at that time the full lifetime of spicules was unclear
(Pereira et al. 2014).
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up to four orders of magnitude greater than that associ-
ated with the advective terms. Consequently, the dom-
inant contribution to spicule heating comes from Joule
heating instead of the energy flux due to kinetic and en-
thalpy fluxes. Taking into account the Joule heating and
energy flux due to the advection of the plasma we find
that this is enough to maintain the loops associated with
the spicules heated to coronal temperatures for several
tens of minutes.
The numbers provided above are valid for a single
spicule in the model. Other spicules show similarities but
we find that the contributions from the various sources
to coronal heat input can vary widely. In fact, in the
model, some spicules are associated with strong heat-
ing and rather small amplitude flows and small shocks,
while others have strong advection and small Joule heat-
ing. Thus, Joule heating, energy flux due to advection,
and wave energy can all dominate the energy budget of
individual spicules.
We find that the fast PCD in the coronal spectral lines
propagates at Alfve´nic speeds and is a direct consequence
of Joule heating. In fact, both PCDs are associated with
magnetic energy deposition in the corona, driven by the
type II spicules. At the very beginning of the spicule
formation, currents (and Joule heating) form along the
magnetic field lines (panel D, Figure 5 and Movie 1).
These currents are driven by the release of the magnetic
tension in the chromosphere, which leads to transverse
waves as well as electric current propagating along the
magnetic field at Alfve´nic speeds. Note that transverse
waves produce currents. Magnetic energy is dissipated
and heats the plasma within the loop in our model by
artificial (numerical) diffusion. On the Sun, one may
expect a cascade to even smaller scales before dissipa-
tion sets in, e.g., via resonant absorption (Okamoto et
al. 2015) of transverse waves or via the Kelvin-Helmholtz
instability (Antolin et al. 2017). Although not uniform
in space nor constant in time, the current is generated
continuously over the lifetime of the spicule and contin-
ues to exist even after the spicule has fallen back to the
chromosphere. In addition, currents do not remain in
exactly the same location (or on a single magnetic field
line) but ‘move’ to those magnetic field lines that are as-
sociated with the spicule (Movie 1), leading to currents
‘meandering’ through the coronal volume within the loop
associated with the spicule (see next section for details
on the width of the spicules and associated loops).
It is important to point out that the coronal Joule heat-
ing outside the loop structure associated with the spicule
is, at least, an order of magnitude less than the Joule
heating given by the formation of the type II spicule.
This can be seen in both the bottom panel of Figure 5
and in Figure 6. In the bottom panel of Figure 5, the
Joule heating inside the loop (within the white dashed
lines) seen in light-blue is more than an order of magni-
tude greater than its surroundings (e.g., see the region
within the dot-dashed lines) seen with dark blue or black
color. One can see a second loop structure which also
has large Joule heating at roughly at x = 64 Mm as-
sociated with another type II spicule. Figure 6 shows
the Joule heating as a function of height, averaged over
10 minutes and spatially limited to the loop associated
with the spicule in solid line (∼ 1.5 Mm wide, outlined
by the dashed lines in panel D of Figure 5). We also
Fig. 5.— Type II spicules provide mass and energy density flux
as well as heating to the upper atmosphere, thereby heating and
filling “individual” strands. From top to bottom: Fe XII emission,
mean mass and energy flux along the magnetic field and Joule
heating integrated over the lifetime of the spicule. Solid white
and black contours correspond to a temperature of 105 K and zero
value, respectively. Note how the heating is mostly concentrated
in magnetic field lines associated with the spicule compared to the
surroundings. The dashed lines in panel D outline the limits used to
calculate the average heating shown in Figure 6. See corresponding
Movie 1.
show (dashed line) the Joule heating in a region that
is not associated with any type II spicule (∼ 2.5 Mm
wide, outlined by the dot-dashed lines in panel D of Fig-
ure 5). For comparison, we also show Joule heating as a
function of height of the whole box for the non-GOL sim-
ulation (dot-dashed line). Note that for regions without
spicules, the Joule heating is not only lower but remains
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Fig. 6.— Mean Joule heating integrated over 10 minutes and
width as a function of height for the loop associated with the spicule
(∼ 1.5 Mm wide, outlined by the dashed lines in Panel D Figure 5)
and without spicules (∼ 2.5 Mm wide, outlined by the dot-dashed
lines in Panel D Figure 5) are shown with solid and dashed lines
respectively. For comparison, we included the mean Joule heat-
ing as a function of height for the whole simulated domain of the
non-GOL simulation, i.e., without ambipolar diffusion (dot-dashed
line).
mostly constant as a function of height in the corona.
We note that the average Joule heating in the non-GOL
simulation is smaller than in the loops associated with
the spicules (in the GOL simulation) but higher than in
regions without spicules (in the GOL simulation). This
is due the fact that the ambipolar diffusion reduces the
amount of current that reaches into the corona in re-
gions without spicules. It would be of great interest to
expand this simulation into 3D in order to have a bet-
ter description of the magneto-convective motions. Note
that, in general, braiding is more efficient in 3D mod-
els as compared to in 2D models and the formation of
type II spicules depends on the magneto-convective mo-
tion of the magnetic field lines in the chromosphere, as
pointed out in Martinez-Sykora et al. (2017) the convec-
tive motions move the magnetic field, accumulates it at
the surface and increase its tension.
Another way to visualize the heating distribution in
loops associated with spicules and in loops not associated
with spicules is by constructing Joule heating histograms
within these two set of loops, as shown in Figure 7. The
loop associated with the spicule not only has locations
with more energy but also a different slope (solid line)
in comparison with the loops without type II spicules.
One must be careful in assuming that the Joule heating
histogram corresponds to Joule heating events (usually
used in observations Benz & Krucker 2002) since in these
models it is very difficult to isolate the events (Guerreiro
et al. 2015; Hansteen et al. 2015; Guerreiro et al. 2017).
In addition, one must interpret these results qualitatively
instead of quantitatively since the simulation is only 2D
and the magneto-convective motion and the nature of
Fig. 7.— The Joule heating histogram in the corona in the loop
associated with the spicule (within the dashed lines in panel D in
Figure 5) shown with solid line reaches greater values and follows
a different profile than in coronal regions not affected by spicules
shown with dashed line (within the dot-dashed lines in panel D
Figure 5).
reconnection events can change when expanding into 3D.
3.3.1. Loop width determined by the processes associated
with type II spicule formation
The presence of the ambipolar diffusion and the gener-
ation of type II spicules tend to confine the propagating
currents and waves to magnetic field lines associated with
the spicule as shown in the previous section. The simula-
tion without ambipolar diffusion (non-GOL) also gener-
ates transverse waves and currents due to the dynamics
in the lower chromosphere. However, these currents are
generated and propagate in non-specific locations due to
the magnetic convection. Consequently, the non-GOL
simulation shows currents and Joule heating in extended
regions in the corona, as seen in Figure 9 where many
thin light-blue loops are evident in the corona (Mart´ınez-
Sykora et al. 2017, compares the global aspects of Joule
heating between the non-GOL and GOL simulations). In
contrast, the ambipolar diffusion confines currents to re-
gions associated with the generation of type II spicules.
The propagation of transverse waves and currents into
the corona is limited to a specific set of coronal mag-
netic field lines as shown with light blue color in panel
D of Figure 5. In contrast, other regions have much less
Joule heating (dark blue) than those field lines connected
to type II spicules as mentioned in the previous section.
This leads to greater thermal contrast in the corona in
the GOL simulation as compared to the non-GOL sim-
ulation, and, hence, a formation of EUV coronal loops
associated with the spicules.
Similarly, the ejected mass and energy into the corona
from the spicule is confined within the loop associated
with the spicule (see Movie 1). Since the expansion
of the magnetic field mostly occurs between the pho-
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tosphere and middle chromosphere, in the upper chro-
mosphere and corona the magnetic field lines barely ex-
pand. Consequently the ejected mass and energy into
the corona have roughly the same width along the loop
(see Movie 1). This is also clear when viewing the syn-
thetic coronal loops shown in Figure 3. As a result of
this, the loop formation due to the mass deposition is
determined by the width of the spicule in the chromo-
sphere. Consequently, the flows and currents associated
with the simulated spicules are localized in loops within
500 to 900 km full width. Flows are slightly more con-
fined (300 − 600 km) than the currents. Still, one must
be aware of the 2D limitation of these simulations which
could have greater expansion.
Fig. 8.— Current perpendicular to the plane allows to identify
the length (width) of the driver. The seeds (red asterisks) of the
magnetic field lines are located along the current that drives the
spicules ((x, z) ≈ (69.5, 1.8) Mm). The red line corresponds to
temperatures of 105 K and allows to locate the spicule ((x, z) ≈
(69, 3) Mm). See corresponding Movie 2.
The size of the spicule and consequently the associated
coronal loop is determined by the magnetic topology at
the formation of the spicule. Figure 8 shows the cur-
rent perpendicular to the plane in an early state of the
formation of the spicule. The driver is easy to identify
and follow in time with the current (Movie 2). In addi-
tion, we added magnetic field lines seeded (red asterisks
in the Movie 2) along the current structure that drives
the spicule, i.e., the seeds do not follow the plasma nor
are forced to the same position in time. In the movie one
can see that this current is formed (built up) in the pho-
tosphere. Its length (typical in photospheric granulation,
i.e., ∼ 500 km) is defined due to convective motions and
shapes the size of this current structure. Eventually, it
penetrates into the chromosphere and drives the spicule
where plasma β is close to unity. Note that the field lines
are always within the spicule, and the currents traveling
into the corona last longer than the movie. During all
this time, as shown in Figure 5, the current traveling into
the corona is confined within the loop structure associ-
ated with the spicule, in particular to the currents shown
in the Figure 8 and Movie 2.
3.4. Various processes throughout the atmosphere
In the simulated atmosphere, the Joule heating in the
regions associated with the spicule follows three differ-
ent power-law decays with height as shown in Figure 6.
In general the structure of the field just above the pho-
tosphere will reflect scales on the order of granulation,
while at greater heights it is meso- or super-granular sized
field structures that dominate. These different regimes
will be reflected in the Joule dissipation of braided field
lines. In particular, for the field lines associated with
spicules we have additional processes that set the scale
height of magnetic field dissipation. The lower chromo-
sphere has the steepest decay with height (∼ −1), then
the upper chromosphere (∼ −1/5) and finally the least
decay is in the corona (∼ −1/20). Inside the chromo-
sphere, this property was also observed for the ambipo-
lar velocity as detailed in Figure 7 in Mart´ınez-Sykora et
al. (2017). There the lower and upper chromosphere are
characterized by two different dominant processes which
lead to different spatial and time scales. In the lower
chromosphere, which is dominated by magneto-acoustic
shocks, the current and Joule heating are smoother, more
spatially extended than in the upper chromosphere. In
contrast, in the upper chromosphere and corona, cur-
rents driven by spicules are concentrated in narrow re-
gions along the spicules or loops. So, which process leads
to different decays with height in the corona? In the sim-
ulated chromosphere (z ≈ [1, 8] Mm), the Joule heating
is due to ambipolar diffusion whereas (Mart´ınez-Sykora
et al. 2017), in the corona, it is mostly due to artificial
diffusion. Note that this slope strongly depends on the
current that penetrates the corona coming from deeper
layers (compare solid and dashed line slopes) and here,
the formation of the spicules plays a crucial role. Since
the model is limited to 2.5D, type II spicules drives only
transverse waves which, in a fully 3D model, may be kink
or sausage waves (or other modes) and the energy depo-
sition will vary, depending on the type of waves. Details
about the transverse wave formation and energy flux are
given in Martinez-Sykora et al. (2017).
4. DISCUSSION & CONCLUSIONS
We report on the impact of type II spicules in the
corona using 2.5D radiative MHD simulations. Our TR
and coronal synthetic spectral profiles provide an expla-
nation for the observations of so-called RB asymmetries
(De Pontieu et al. 2009; Peter 2010; Bryans et al. 2010)
and coronal brightenings in the SDO/AIA counterpart.
Our simulation is able to reproduce RB asymmetries of
the same magnitude as seen in observations. This in con-
trast to previous simulations which failed to reproduce
observed RB asymmetries (Mart´ınez-Sykora et al. 2013).
All of these observational diagnostics are found to be sig-
natures of the impact of type II spicules on the corona.
Spicules contribute to the corona through the loops
that are associated with the spicules. Mass, kinetic en-
ergy flux, and Joule heating, are injected into the corona.
Type II spicules are generated by the release of mag-
netic tension, which drives acoustic shocks and flows,
and transverse waves and electric currents that travel
along the magnetic field. The flows fill the loops with
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Fig. 9.— The non-GOL simulation shows more uniform heat-
ing distribution in contrast to the GOL simulation. Mean Joule
heating integrated over the lifetime of 10 minutes is shown in log-
arithmic scale for the non-GOL simulation as shown for the GOL
simulation in Figure 5.
plasma. In addition, the temperature and density jumps
are smeared out in the corona due to the thermal conduc-
tion. The RB asymmetries, line broadening and intensity
increase that occur in the early stages of the spicule are
a consequence of these processes. Joule heating plays a
crucial role in heating the plasma and maintaining loop
temperatures against energy losses in the corona. This
process leads to synthetic PCDs similar to those observed
in coronal EUV imaging.
Ambipolar diffusion is a key process for the formation
of type II spicules and, in addition, to localize the mass,
and energy flux including waves and Joule heating in the
loop associated with the spicule. All of these processes
are localized within a few hundred kilometers, whereas
in the surrounding corona, the amount of heating is at
least an order of magnitude lower. Even if we compare
with the non-GOL simulation, the heating in the simu-
lated corona that lack spicules (in the GOL simulation)
is an order of magnitude lower and the variation of Joule
heating with height is almost constant, contrary to those
loops associated with spicules. Since the amount of cur-
rent build up in the corona via convective motion is larger
in 3D than in 2D, our results must be taken qualitatively
rather than purely quantitatively. Similarly, any 3D re-
sults without ion-neutral interaction effects must also be
interpreted carefully.
The width of synthetic loops associated with spicules
seems in agreement with observations (Aschwanden &
Peter 2017). Consequently, the width of coronal loops,
at least for those formed in association to spicules, are
not governed by micro-physics, but the macro-physics
included in the model. These macro-physics determine
the heating and mass deposition. The typical width of
the loops associated with the spicules are set by the mag-
netic field topology structures formed in the photosphere.
These structures drive both the currents that heat the
associated loops in the corona and flows. Consequently,
both flows and heating have roughly similar width and
guided by the ambient magnetic field.
In this model, it is very hard to separate between braid-
ing and wave heating. In addition, note that the braiding
in this model changes the classical braiding picture. Most
of the magnetic tension in the photosphere and lower
chromosphere is generated by convective motion. How-
ever, this magnetic energy does not propagate to greater
heights easily and mostly accumulates in the lower atmo-
sphere. Spicule formation allows the release and propa-
gation of magnetic energy and tension to greater heights
thanks to the ambipolar diffusion. Whereas, in other
regions, the ambipolar diffusion dissipates magnetic en-
ergy into thermal energy within the chromosphere. As
detailed here and in Martinez-Sykora et al. (2017), the
released tension also drives Alfvenic waves. In the Sun,
these waves may be either Alfven waves, fast modes, kink
waves, sausage modes or similar. It is important to study
which modes are being generated since the Alfvenic en-
ergy flux conversion and dissipation depend on the type
of the wave. Note that, since the model is limited to 2D,
the magneto-convective motion and consequently, most
likely, number of events may change when we expand this
into 3D.
Last, but not least, the formation of type II spicules
generates currents that propagate along the magnetic
field at Alfvenic velocities into the corona. These cur-
rents are generated over the lifetime of the spicule and
confined within the location of the spicule’s driver but
not always on the exact magnetic field lines (see Movie 1)
containing the cold spicular material. The amount of
energy contained in these currents is enough to sustain
the associated coronal loops for several tens of minutes.
This is in contradiction to previous findings which as-
sumed a much smaller amount of energy release and over-
simplified the heating mechanism driving the formation
of type II spicules. In our model currents are dissipated
by ambipolar diffusion in the chromosphere and TR, and
with artificial diffusion in the corona. Since the simula-
tion is able to reproduce many of the observables, the ar-
tificial diffusion may mimic the un-resolved physics that
dissipate the sharp currents and turbulence quite well.
To resolve this issues one must perform specific studies
to address further questions.
The results presented here and in Martinez-Sykora et
al. (2017) are of great interest for further studies since
they provide constraints for ad hoc terms that other mod-
els use, e.g., episodic heating profiles as a function of
height for coronal rain simulations such as (Antolin et
al. 2010; Xia et al. 2017), or wave amplitudes and fluxes
for waves studies (Antolin et al. 2015). The heating pro-
file shown in Figure 6 could be used as input/driver for
many other studies. However, one must take into account
that the heating is localized, episodic, and not always at
the exact same magnetic field lines (Movie 1, Hansteen
et al. (2015); Guerreiro et al. (2015)).
It is important to mention that the spicules simulated
here do not have a straightforward relation between the
amount of mass and energy flux, wave energy, currents
and Joule heating. Indeed, we found strong heating pro-
cesses associated with spicules with rather low flows and
small shocks, or vice versa.
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